ABSTRACT: Small angle neutron scattering has been used to probe the self-assembled structures formed by novel block copolymers in water and two protic ionic liquids (ILs), ethylammonium nitrate (EAN) and propylammonium nitrate (PAN). The block copolymers consist of solvophilic poly(ethylene oxide) (PEO) tethered to either poly(ethyl glycidyl ether) (PEGE) or poly(glycidyl propyl ether) (PGPrE) solvophobic blocks. Four block copolymers (EGE 109 EO 54 , EGE 113 EO 115 , EGE 104 EO 178 , and GPrE 98 EO 260 ) have been investigated between 10 and 100°C, showing how aggregate structure changes with increasing the EO block length, by changing the insoluble block from EGE to the more bulky, hydrophobic GPrE block, and with temperature. EO solubility mainly depends on the hydrogen bond network density, and decreases in the order H 2 O, EAN, and then PAN. The solubility of the EGE and GPrE blocks decreases in the order PAN, EAN then water because the large apolar domain of PAN increase the solubility of the solvophobic blocks more effectively than the smaller apolar domains in EAN, and water, which is entirely hydrophilic; GPrE is less soluble than EGE because its larger size hinders solubilization in the IL apolar domains. Large disk-shaped structures were present for EGE 109 EO 54 in all three solvents because short EO chains favor flat structures, while GPrE 98 EO 260 formed spherical structures because long EO chains lead to curved aggregates. The aggregate structures of EGE 113 EO 115 and EGE 104 EO 178 , which have intermediate EO chain lengths, varied depending on the solvent and the temperature. Solubilities also explain trends in critical micelle concentrations (cmc) and temperatures (cmt).
■ INTRODUCTION
Amphiphilic block copolymers are composed of soluble (solvophilic) and insoluble (solvophobic) polymer blocks. Once a certain solution concentration is exceeded, amphiphilic block copolymers self-assemble into structures with the insoluble block is internalized and the soluble block in contact with the solvent. 1 For block copolymers in water, spherical micelles generally form when the mass fraction of the hydrophilic block is greater than 45%, while large compound micelles result when the hydrophilic block fraction is less than 25%.
2, 3 A rich array of selfassembled structures are present for intermediate mass ratios, including rods, disks, and vesicles. 1, 3 Amphiphilic block copolymer micelles are generally more thermally stable, larger in size (10 to 100 nm), and longer lived than conventional surfactant micelles. 3, 4 For these reasons, among others, they have attracted considerable research interest for the preparation of functional nanostructured materials, 5 in templating for mesoporous inorganic materials, 6 and as drug delivery systems. 7, 8 In addition to the tuning the ratio of soluble block to insoluble block length, the structure of polymeric aggregates can be controlled by varying the relative solvophobicity of the blocks by changing an external variable such as temperature, if one or both blocks are temperature responsive, or pH if a block contains acidic or basic groups. 1, 9, 10 Pluronic triblock copolymers, which are composed of hydrophilic poly(ethylene oxide) (PEO) blocks and hydrophobic poly(propylene oxide) (PPO) blocks, have been widely studied in both academic and industrial contexts. 11 Pluronics are popular because they are relatively inexpensive, they can effectively modify interfacial properties at low concentrations, and because a wide variety (more than 50) are available commercially. 12 The aqueous solubility difference between the PEO and PPO blocks means that Pluronics self-assemble into various structures, depending on the amphiphile molecular weight, the PEO:PPO ratio, and concentration. The wide range of Pluronics available for purchase means that structure -property relationships relating to the lengths (and relative lengths) of the PEO and PPO blocks are well-known. 13 Pluronics are water-soluble due to hydrogen bonding with the PEO block. Because hydrogen bond strength is temperature sensitive, they frequently exhibit a critical micelle temperature (cmt), and aggregate structures change with temperature.
14 This makes them appealing for stimulus−response applications. 15 Ionic liquids (ILs), which are pure salts that are liquid below 100°C, have attracted much recent interest because of their remarkable and tunable physical properties, which includes low vapor pressure, excellent thermal and chemical stability, and wide liquid temperature range. 16 ILs are frequently nanostructured. Electrostatic attractions between charged groups lead to the formation of polar domains. Cation alkyl chains are solvophobically 17−19 expelled from the charged domains and cluster together to form apolar domains. In many ILs, the polar and apolar domains percolate through the liquid bulk in a sponge like structure. 17, 19 ILs have been studied for a diverse range of applications including as solvents for surfactant self-assembly, 20−24 CO 2 capture, 25 dissolution of cellulose, 26 reaction media for chemical catalysis, 27 ,28 nanomaterial synthesis 29, 30 and function, 31 and as lubricants, 32,33 among others. ILs are broadly divided in to protic (PILs) and aprotic (AILs) classes. Whereas AILs are usually synthesized using quaternisation or charge metathesis reactions, PILs are prepared via proton transfer from a Brønsted acid to a Brønsted base, followed by drying. Many protic ILs form extended three-dimensional hydrogen bond networks 34 reminiscent of water. 35 This hydrogen bonding does not appreciably affect the liquid nanostructure, which is mainly determined by ion packaging constraints. 36 Rather, the hydrogen bond network is accommodated within the nanostructure, and simple, bifurcated and trifurcated hydrogen bonding can result, depending on the ion species. 37 The most studied PIL, ethylammonium nitrate (EAN), has sponge-like nanostructure and extensively bifurcated hydrogen bonding. 37 Propylammonium nitrate differs from EAN only in that the cation alkyl chain is one CH 2 unit longer. This means that apolar domains are larger, and solvophobic exclusion of cation alkyl chains is stronger in PAN than EAN, leading to better defined segregation between polar and apolar domains. 17 Like EAN, hydrogen bonding is bifurcated in PAN. However, because the apolar domain volume fraction is higher in PAN the overall density of the hydrogen bond network in the liquid is lower.
Block copolymer self-assembly has been reported previously in both protic 38−41 and aprotic 42−46 ILs. For example, the effect of the solvophilic: solvophobic block size on aggregate structure has been probed, 38, 42, 47 as has the phase behavior of block copolymer lyotropic liquid crystals. 48 Thermoresponsive behavior of diblock copolymers in ILs has also been reported, 43, 49 and block copolymer ion gels formed in ILs have been described. 50, 51 In general, the critical micelle concentration (cmc) and correspoding cmt of block polymers, as well as their lyotropic liquid crystal phase boundaries, tend to occur at higher concentrations in ILs than water. This is because typical hydrophobic blocks are more soluble in ILs and are (at least partially) solubilized in the IL's apolar domains. 52 In this work the self-assembled structures formed by a series of amphiphilic diblock copolymers in water, EAN and PAN are probed and compared. The diblock copolymers investigated consist of solvophilic PEO blocks and two different solvophobic blocks 53 with structures similar to PPO. Like in water, PEO is soluble in EAN and PAN due to hydrogen bonding. It has previously been shown that the solvent quality for PEO decreases in the order water (good) > EAN > PAN (near theta), 54 −56 due to decreasing hydrogen bond network density. PPO is almost insoluble in all three solvents because steric hindrance around the PO oxygen makes it unavailable for hydrogen bonding. 57 Two different insoluble blocks are investigated here, both of which are based on the PPO structure. In poly(ethyl glycidyl ether) (PEGE), an ethyl ether group (O−CH 2 CH 3 ) is attached to the PPO methyl group, while in poly(glycidyl propyl ether (PGPrE) a propyl ether group (O−CH 2 CH 2 CH 3 ) is attached (see Table  1 ). If the repeat unit carbon to oxygen ratio is used as a crude indicator of solvophilicity, PEO is most solvophilic (2:1|C:O), followed by PEGE (2.5:1) and then PGPrE (3:1) and PPO (3:1, not studied in this work). Small angle neutron scattering (SANS) is used to show how aggregate structure responds in water, EAN and PAN as the length of the PEO block is varied while the PEGE block is kept relatively constant, PGPrE is used as the insoluble block instead of PEGE, and temperature is changed. Previously, Ogura et al. have used DLS to determine that the cmt for PEO 93 PEGE 55 in water at 1 wt % was 15°C, but the structure of the aggregates could not be elucidated using this technique. 58 
■ EXPERIMENTAL METHODS
The series of diblock copolymers (polyethers) were prepared according to the method reported previously. 58 The molecular weight (M n ) and polydispersity index (PDI) of the polymers were determined by gel permeation chromatography. To prepare the partially deuterated ILs, fully hydrogeneous EAN (H-EAN) and PAN (H-PAN) were first made by mixing equimolar acid (69% HNO 3 ,BASF) and base (ethylamine 70 wt %, Sigma-Aldrich for EAN, and propylamine 99 wt %, Sigma-Aldrich for PAN) at lower temperature. After reaction, the excess water was mostly removed by rotary evaporation at 40°C for several hours which resulted in the water content being less than 1 wt %. Partially deuterated EAN (EAN-d 3 ) and PAN (PAN-d 3 ) were then prepared by mixing the respective hydrogenous IL with deuterium oxide D 2 O (99% SigmaAldrich) with a molar ratio 1:3 and stirring for several hours to replace the amino hydrogen atoms with deuterium. The D 2 O was then removed by the same rotary evaporation. This deuteration process was repeated three times and the final trace amount of D 2 O was removed by purging the partially deuterated IL with nitrogen gas at 105°C in an oil bath for at least 8 h. 60 SANS spectra of micellar solutions are described by a form factor, P(q), describing scattering by individual micelles, and a structure factor, S(q), due to intermicellar interactions 61 according to
where N is the number density of micelles, V is the volume of the micelle, Δρ is the scattering contrast between the micelle core and solvent, and q = (4π/λ)[sin θ], where 2θ is the scattering angle and λ is the neutron wavelength. For a dilute system, the intermicellar scattering is negligible and thus S(q) = 1, which is the case in this work. SANS data were fitted to a disk, sphere or core−shell sphere form factor 62 model using SASView. 63 A Gaussian distribution was included to account for the polydispersity of the micelle cores. 64 The scattering background is much higher in EAN and PAN than in D 2 O due to incoherent scattering from the hydrogens in the partially deuterated (d 3 ) ILs.
The cloud points of 1 wt % EGE 136 in EAN and PAN were determined using dynamic light scattering (Malvern Nano) measurements as a function of temperature.
■ RESULTS AND DISCUSSION
Polymers and Solvents. The structures of the hydrophilic (PEO) and hydrophobic (PEGE and PGPrE) blocks that comprise the polymers studied in this work are shown in Table 1 178 , and GPrE 98 EO 260 ) were examined in water, EAN and PAN. The molecular weight (M n ), polydispersity index (PDI) and the mass fraction of the solvophilic block ( f EO ) are presented in Table 2 . For the PEGE solvophobic block, f EO values of 0 wt %, 17.5, 30.3, and 42.2 wt % were examined. For the more hydrophobic GPrE block, a f EO of 53.4 wt % was probed.
Homopolymer (EGE 136 ) Cloud Points. As the PEO block is soluble in all three solvents up to (at least) 100°C, 38, 54, 56, 65 selfassembly is a consequence of the insolubility of the EGE block. As such, cloud points of the EGE 136 homopolymer in water, EAN and PAN were determined. For water, there is an appreciable refractive index difference between the polymer and water which allows the cloud point to be ascertained visually. A 1 wt % solution of EGE 136 in water was slowly heated from low temperature until the solution turned turbid at 12°C, indicating immiscibility. This cloud point is consistent with earlier reports, 58 and is due to weakening of hydrogen bonds between water and the EGE as temperature is increased. The aqueous cloud point is much lower for EGE than for PEO 66 because steric effects due to the ether side chain reduce the availability of both the primary chain and side chain ether oxygens for hydrogen bonding.
The refractive indices of EGE 136 and the protic ILs 54 are too close to allow cloud points to be determined visually, but are sufficiently different to allow cloud point determination using DLS. The hydrodynamic radius (R h ) of EGE 136 in EAN and PAN was monitored as the temperature was increased. When the cloud point was reached R h increases markedly due to polymer aggregation. Using this method the cloud points of EGE 136 in EAN and PAN were found to be 22 and 38°C, respectively (see Supporting Information, Figure S1 ). While the protic ILs have lower hydrogen bond network densities than water, which is commensurate with reduced solubility for these materials, this is more than offset by the ability of the apolar domains to solvate hydrocarbon groups. 67 The dimensions and volume fraction of apolar domains are larger in PAN than EAN due to the longer cation alkyl chain. This is consistent with cloud points for EGE 136 decreasing in the order PAN > EAN > water, i.e. EGE 136 is most soluble in PAN and least soluble in water. Higher cloud points for both PEO 38 and oligo(oxyethylene)-n-alkyl ether surfactants (C i E j ) in protic ILs than water have been reported previously. 68 Small-Angle Neutron Scattering. Small-angle neutron scattering (SANS) was used to determine the self-assembled structures formed by the four diblock copolymer amphiphiles in D 2 O, EAN-d 3 , and PAN-d 3 . All solutions were optically transparent at the temperatures examined. The data was fit by fixing the core and solvent SLD at the values determined using the SASView SLD calculator and allowing the other parameters to be adjusted to optimize fit within physically reasonable limits.
Scattering from all systems examined shows the formation of self-assembled block copolymer aggregates over most of the q range of interest. However, for several samples, there is an upturn in the scattering intensity at low q due to the presence of a small volume fraction of large structures in solution. Even for block copolymers with narrow size distributions it is common for large objects to be present 3 due to agglomeration of free, insoluble homopolymers that are present as an impurity. For samples with a low q upturn, only the data at high angles was fit (q > 0.009 Å −1 ), although the figures show the model fit extended over the entire q range. Various attempts to fit the low angle scattering (e.g., to spheres or to Porod scattering) showed only that the volume fraction of insoluble materials was much smaller than the total dissolved polymer, and this is consistent with DLS which showed the presence of only very small amounts of large particles in any of the solvents examine (see Figure 1 . The scattering data for the block copolymer with the lowest ethylene oxide content, EGE 109 EO 54 (f eo =17.5%), exhibits a q -2 power-law decay up to 0.03 Å −1 , and then decays more rapidly until the background is reached. The q -2 decay is characteristic of extended planar structures such as lamellar or bilayer micelles, or vesicles. 69 This data set is well fit by a disk model, 62 although the fitted radius of the disk (3000 Å, see Table 3 ) is larger than the length scale accessible by our low q scattering limit. Hence we are unable to distinguish between large disks and vesicles, or the possibility that both may be present by SANS alone. DLS (see Supporting Information, Figure S2 and Table S1 ) of EGE 109 EO 54 solutions shows a large population micrometer-sized structures, so vesicles are the likely morphology. The best fit disk (bilayer) thickness is 110 Å. If each EGE monomer is assumed to be similar to the length of an EO unit (4.5 Å 70 ), then this thickness is approximately twice the expected random-flight diameter of 47 Å for an EGE 109 chain in the melt. This is consistent with the EGE chains aggregating into a bilayer-like solvent-free core, with little chain interpenetration from the two sides of the bilayer. This data can be fit without including a contribution from the EO blocks (i.e., a shell) when the core and solvent SLD are constrained to their theoretical values, which means that the EO blocks are highly solvated (see below).
The form of the SANS data for EGE 109 EO 115 is different to that for EGE 109 EO 54 , and consistent with globular structures. Such higher curvature aggregates are expected as the length of the EO block has been doubled while holding the EGE block length approximately constant. A satisfactory fit could not be obtained with a model of homogeneous spheres, cylinders, or disks. The simplest model that produces an acceptable fit to this data is polydisperse core−shell spheres. 71, 72 The requirement to include a shell in this fit, and not EGE 109 EO 54 , is consistent with the longer EO oxide block contributing to the scattering, and the slight polydispersity is consistent with the weak oscillations at high q. The core radius of 130 Å indicates that the EGE chains in the core are slightly stretched compared to the random coil conformations seen in the disk structure above, but remain far below their fully-extended length of 490 Å. The best-fit thickness of the EO shell is 70 Å, which compares well with the expected end-to-end length of 62 Å for an EO 115 chain in water. 73 Thus, these micelles are closer to the "crew-cut" limit than a star morphology. 74 The fitted shell SLD is only 5% lower than that of the solvent, which means that the shell is strongly solvated, consistent with the high solubility of PEO in water. Because of the high solvent content, the shell thickness should be treated cautiously, but is in reasonable agreement with results for poly(1,2-butadiene-b-ethylene oxide) micelles, where the shell thickness was 140 ± 22 Å for a EO 183 units long in water. 75 The micelle aggregation number, calculated from the volume of the core of EGE blocks which are assumed to pack at its bulk density, is ∼450. The curvature transition from an bilayer for EGE 109 EO 54 . The solid lines show the best fits to the models listed in Table 3 . The data have been offset for clarity by EGE 113 EO 115 (×3), EGE 104 EO 178 (×80), and GPrE 98 EO 260 (×300). The same data without any offset is shown in Figure S3 in the Supporting Information. Refer to the core radius only. The best-fit radius of these disks is >3000 Å, which is outside the meaningfully accessible q-range (see text). Further increasing the EO block length to EGE 104 EO 178 produces even more highly-curved aggregates, which are also best fit using a polydisperse core−shell sphere model. The longer EO block length yields a best-fit shell thickness of ∼100 Å, somewhat greater than the expected 80 Å for EO 178 in water. Like EGE 113 EO 115 , the difference between the fitted SLD of the shell and the solvent is slight, indicating high solvation. The polydispersity of EGE 104 EO 178 (0.18) is also slightly higher than for EGE 113 EO 115 (0.12), consistent with the weaker high q oscillations. This thick, diffuse shell could also indicate a SLD gradient in the shell. The larger EO block decreases the core radius to 90 Å, and there is a concomitant decrease in the aggregation number from 450 to 170. Table 3 also shows that the critical micelle concentration (cmc) of these diblock copolymers increases with increasing f EO . The best-fit volume fraction of EGE in the hydrophobic core of the micelles decreases from 0.006 for EGE 113 EO 54 to 0.001 for EGE 104 EO 178 . This far exceeds the effect due to change in polymer composition, showing that there is more dissolved copolymer present in solution. i.e., a higher cmc.
GPrE 98 EO 260 has a much longer EO block than the other block copolymers, and the shortest solvophobic block. However, as the GPrE block has an additional methylene carbon compared to EGE, the hydrophobicity (and volume) of each GPrE unit is greater. Like EGE 113 EO 115 and EGE 104 EO 178 , the simplest model that fits the GPrE 98 EO 260 −water data is polydisperse core−shell spheres. In this system, the total volume fraction of GPrE in the hydrophobic cores is 0.0043, which is within experimental error of the value expected at this concentration based on copolymer composition (see Table 2 ) if all the copolymer was present in micelles. Unlike the PEGE−PEO copolymers, the cmc of GPrE 98 EO 260 in water is too small to detect by SANS.
The micelle core radius is slightly greater than that of EGE 104 EO 178 (100 versus 90 Å), and the aggregation number is ∼210. The shell thickness of GPrE 98 EO 260 is 20 Å less than that of EGE 104 EO 178 and the area per monomer at the core surface is the same despite the EO block length being 45% longer. As the species of the solvophobic block will have little effect on the degree of solvation of the EO block (both shells are highly solvated, cf. Table 3 ), the most likely explanation for these results is that the more solvophobic GPrE block leads to a better defined interface between the micelle core and shell than for the copolymers with the less hydrophobic PEGE blocks (see further below).
Block Copolymers at 25°C in EAN-d 3 . SANS data for the four diblock copolymers in EAN-d 3 is presented in Figure 2 . Previous work on both conventional surfactant 24 and block copolymer 41 micelles has shown that cmcs are usually 10 to 100 times higher in EAN than water. This is attributed to the nanostructure of EAN (and PAN, see below) containing apolar domains into which solvophobic groups are readily dissolved, increasing overall solubility. 76 The scattering background is much higher in EAN and PAN than in D 2 O due to incoherent scattering from the hydrogens in EAN-d 3 . The models used to fit these spectra data and the fit parameters are presented in Table 3 .
Scattering from EGE 109 EO 54 in EAN displays a pronounced q -2 decay, as seen in the aqueous solutions, and model fitting confirms that the aggregate structures are similar. The data is fit using the same disk model, with the bilayer thickness of 130 Å only slightly higher in EAN than in water. The best-fit radius of the disk in EAN (>3000 Å) is again greater than the experimental q range can access, and DLS is again consistent with the presence of vesicles, possibly coexisting with a population of small micelles. The small increase in the bilayer thickness may be a consequence of some EAN being incorporated in the solvophobic core, similar to results reported for Pluronic micelles in aprotics ILs. 77 Like in water, EGE 109 EO 54 in EAN can be fit without a shell. While PEO solvation will be lower in EAN than in water, 54 it is still strongly solvated, and the smaller scattering length density difference between PEO and the solvent means that a shell is not required to fit this data.
Scattering by EGE 113 EO 115 in EAN is similar to that obtained for EGE 109 EO 54 , and can also be fit using disks with a bilayer thickness of 160 Å and a very large radius. Fits of similar quality were obtained using an oblate spheroid model with dimensions consistent with those used in the bilayer model. The persistence of disk-like micelles of EGE 113 EO 115 in EAN, compared with spherical micelles in water, is attributed to the poorer solvent quality of EAN for the EO chains. This leads to much smaller radii of gyration for the PEO chains in EAN, 54, 56 which reduces the aggregate curvature.
Here also the increase in cmc with increasing EO chain length can be seen, as the volume fraction of micelle core decreases from 0.006 for EGE 113 EO 54 to 0.003 for EGE 113 EO 115 . These are similar to the values obtained in water, however, upon further increasing EO length to EGE 104 EO 178 , only the residual scattering from insoluble matter was observed. No scattering from micellar self-assembled structures of EGE 104 EO 178 could be discerned above this background in EAN. This means that its cmc is near to, or greater than 1 wt % in EAN. The cmcs of block copolymers in a given solvent are determined by the relative solubilities of the hydrophilic and hydrophobic blocks. In this case, even though results above (and obtained previously 54 ) confirm that EAN is a poorer solvent than water for PEO, this is offset by the greater solubility of the EGE block in EAN. Thus, aggregates are present in a 1 wt % solution of EGE 104 EO 178 in water, but not in EAN. Similarly, aggregates are present in 1 wt % solutions of the shorter PEO chain amphiphiles in EAN, but not EGE 104 EO 178 due to its long EO chain imparting higher solubility. The SANS data for GPrE 98 EO 260 in EAN is consistent with globular micelles, and can be fit using the same polydisperse core−shell sphere model as was used in water. Although the EO chain of GPrE 98 EO 260 is significantly longer than that of EGE 104 EO 178 , this is more than offset by the additional methylene on each GPrE compared to the EGE, which reduces its solubility in EAN.
The volume fractions of GPrE micelle cores in EAN and water are almost identical at the same concentration (see Table 1 ), consistent with a low cmc in both solvents. EAN solvates PEO less well than water, leading to a smaller shell thickness due to its smaller radius of gyration. There will be a corresponding decrease in the area each block copolymer occupies at the micelle surface, leading to a decrease in the preferred curvature of the aggregate. This results in the micelle core radius increasing from 100 Å in water to 120 Å in EAN, and the aggregation number increasing from 210 to 350.
The effect of varying the temperature between 10 and 100°C on block copolymer aggregate structures in EAN was investigated. Over this temperature range, no effect on temperature was apparent for any of the systems studied. i.e. the aggregate structures determined at room temperature remained unchanged over the entire temperature range within the resolution of the data fitting.
Block Copolymers at 25°C in PAN-d 3 . Scattering data for the block copolymers in PAN at room temperature are presented in Figure 3 . For 1 wt % solutions, no scattering due to micelles was observed for EGE 109 EO 54 , EGE 113 EO 115 , and EGE 104 EO 178 . This means that 25°C is less than the 1 wt % critical micelle temperature (cmt), and is consistent with the measured cloud point of 38°C for the EGE homopolymer in PAN. As PAN is a less good solvent for PEO than EAN (or water), increased copolymer solubility in PAN must be a consequence of greater solubility of the EGE groups.
In contrast, GPrE 98 EO 260 self-assembles in PAN to form spherical micelles at 25°C. These are well fit using a model of polydisperse spheres. No contribution from a micelle shell is required due to the low scattering length density of PAN-d 3 (2.67 × 10 −6 Å −2 ). The total volume fraction of hydrophobic core in PAN (0.003) is somewhat lower than in either EAN or water, implying that its cmc in PAN is higher. This is a consequence of the greater solubility of the GPrE solvophobic groups in PAN, and also consistent with the high cmcs of PEGE copolymers in PAN.
Effect Figure 4 , and model fit parameters are shown in Table 4 . These block copolymers did not aggregate at room temperature in PAN, but do so at 45°C (and higher temperatures) for EGE 109 EO 54 EAN and PAN , the larger volume of PAN will mean that the solvated volume of each EO chain (i.e., the volume of the EO chain plus the ions that solvate it) will be larger in PAN than EAN. This will increase the film curvature in PAN, leading to the formation of spherical aggregates rather than disks. Corresponding effects have previously been noticed for other amphiphiles in PAN. 78 
■ CONCLUSIONS
The aggregates formed by EGE 109 EO 54 , EGE 113 EO 115 , EGE 104 EO 178 , and GPrE 98 EO 260 in water, EAN and PAN depends on the ratio of the lengths of the solvophilic and solvophobic blocks, the relative solubility of the blocks in each solvent, and the temperature.
In water, the EO block is highly solvated and the solvophobic block (EGE or GPrE) is highly insoluble. Except for EGE 109 EO 54 , which has the shortest EO block examined, spherical micelles are favored as the highly solvated EO blocks lead to high film curvature.
In EAN, solvation of the EO block is lower because EAN has a less dense hydrogen bond network, while the solubility of solvophobic blocks is increased by the presence of EAN's apolar domains. As a consequence, EGE 113 EO 115 forms spheres in water but disks in EAN, while EGE 104 EO 178 does not self-assemble in EAN up to the highest temperature investigated because its solubility is too high. The hydrogen bond network of PAN is less dense still than that of EAN, and the size of its apolar domains is larger. This lowers the solubility of the EO blocks, and increases that of the solvophobic blocks. The increased solubility of the solvophobic blocks is the stronger effect, leading EGE 109 EO 54 and EGE 113 EO 115 to have a cmt between room temperature and 45°C and EGE 104 EO 178 to have a cmt between 45 and 70°C.
Where cmc values can be commented upon with confidence, the trends observed are in accordance with expectations from block solubilities.
For EAN and PAN, once aggregates are present, their structure is unchanged over the temperature range accessed. Somewhat surprisingly, EGE 113 EO 115 forms spherical aggregates in PAN just as it does in water but forms disks in EAN. This is contrary to a The best-fit radius of these disks is >3000 Å, which is outside the meaningfully accessible q-range (see text).
the expectation that EAN's stronger hydrogen bond network would lead to greater solvation of the EO block, and thus to more highly curved aggregates. However, this again highlights the importance of considering IL nanostructure rather than simply average solvent properties; Individual ammonium groups within the polar domains of EAN and PAN are almost identical to water when it comes to the solvation of EO moieties, 76 but are constrained by their attachment to alkyl chains. Aggregates in PAN are more highly curved than in EAN because of the simple steric constraint that the PA + cation has larger volume than EA + . As roughly the same numbers of cations solvate EO chains in EAN and PAN, this means that the solvated EO block volume is greater in PAN than EAN, leading to higher aggregate curvature. Similar effects have been seen when comparing micelles and microemulsions of conventional nonionic surfactants in EAN versus PAN. 
